Fourier transform infrared spectroscopy is considered as a rapid, non-destructive, reliable, sensitive, and cost-effective technique, which could be used for characterizing the chemical composition (identifying functional groups) of various microorganisms. In the present study, Fourier transform infrared spectroscopy was employed to differentiate (based on functional groups; spectral range between 3500-500 cm −1 ) between different genera of fungi (mainly Aspergillus sp. and Mucor sp.), capable of producing mycotoxins. From the results, it was clearly evident that irrespective of the overall similarities between the spectra of different fungi, there is a unique spectrum for each one with precise differences in the functional groups. These results can be useful and provide a suitable "finger print" for each of the fungal strains capable of producing mycotoxins. This method of differentiating between toxigenic fungi can also be effectively used in assisting quarantine rules. The results obtained in this study revealed Fourier transform infrared spectroscopy to show great potential for identification of molds capable of producing mycotoxins.
INTRODUCTION
Food and agricultural commodities regularly get contaminated by various types of toxigenic molds (fungi), which on consumption are competent of incurring various healthassociated illnesses or risks, such as dizziness, diarrhea, vomiting, blurred vision, including neuro-degenerative disorders and cancer. [1] Presence of toxigenic molds capable of producing mycotoxins (low-molecular-weight compounds produced as secondary metabolites) in a food commodity is considered to be a crucial and an extensively neglected problem. [1, 2] Fungal species belonging to the genera of some of the common filamentous fungi, such as Aspergillus, Mucor, Penicillium, and Fusarium, are known to produce mycotoxins (such as aflatoxins, ochratoxins, and fumonisins). [1, 3] Among these fungi, Aspergillus species are of high economic importance, and are capable of growing and thriving at low water activity (aw) and moisture levels. This group of fungi can tolerate high temperatures and 1820 BHAT relative humidity, especially those conditions that are encountered in the tropical regions of the world.
Today, most of the routinely employed techniques (physiological and molecular techniques) to identify a toxin producing mold/fungi are time consuming, expensive, and requires adequate expertise. Accurate and precise identification of a fungus can be a difficult task, with regular modifications and updates being commenced on the taxonomic schemes, making it a lengthy and complex process. [4] Even though some of the common and routinely employed molecular techniques to identify a microorganism are highly accurate, there are certain limitations, such as cost of chemicals, selection of precise primers for each microbial species, protocol complexities, etc. [5] In this regard, developing a more reliable, sensitive, and a rapid method for identification of toxigenic molds assumes prior importance.
Fourier transform infrared (FTIR) spectroscopy is considered to be a rapid, nondestructive, reliable, sensitive, and a cost-effective technique, which could be used for characterizing the chemical composition (or identifying functional groups) of various microorganisms. FTIR technique has been successfully applied for identification of various spoilage and pathogenic bacteria as well as yeasts. [4] Above all, for FTIR analysis only a small quantity of biomass is sufficient to obtain the spectra. [4] This technique has the competence to detect even minute changes in 'bond length and angles' in a macromolecule, and can be very useful to determine the structural changes occurring. [6] The FTIR spectrum obtained for any compound gives the information on the unique 'fingerprint'. [4, 7] This is because bio-molecules, such as lipids, carbohydrates, and nucleic acids, have their own unique 'vibrational' fingerprints and characteristic functional groups, which correspond to specific infrared light frequencies. [8] With an ample amount of information available on the FTIR spectral peaks of living cells and microorganisms in particular, [6, 9] it will be easy to distinguish among various pathogenic molds belonging to the same genera.
Based on these facts, the major objective to undertaking the present study was to identify the potentiality of employing FTIR for identifying and differentiating (based on functional groups) between different genera of fungi (mainly Aspergillus species) capable of producing mycotoxins. It is envisaged that the results obtained in this study might be useful to set up a future reference database to employ FTIR spectrum for rapid detection, and differentiating between various toxigenic molds present in a food commodity.
MATERIALS AND METHODS
In the present study, four potential mycotoxins producing fungal species were used, which included Aspergillus niger, A. flavus, A. parasiticus, and Mucor spp. Previously, these fungi were isolated from various food commodities and maintained in our culture collection (Food Microbiology Lab, School of Industrial Technology, Universiti Sains Malaysia). The fungi were grown in triplicates on potato dextrose agar (PDA; with 1% tartaric acid) at room temperature (27 ± 1 • C) for 7-8 days. All the fungi were re-identified by using standard taxonomic references. [10] [11] [12] [13] 
Sample Preparation for FTIR Spectroscopy Studies
The sample preparation was done based on the method described by earlier researchers, [6, 14, 15] with slight modifications. In brief, individual fungal cells (colonies) grown on PDA were collected and suspended in distilled water followed by centrifugation (Kubota 4000, Kubota, Tokyo, Japan) at 3000 rpm (for 3 min). After discarding the supernatant, the pellet obtained was again rinsed twice with double distilled water followed by storing in a freeze dryer (−20 • C) until lyophilization (24 h).
Further, for analysis, a known amount of the dried sample (∼1 mg) was mixed with 100 mg dry KBr (Fisher Chemical, Malaysia), and suitable KBr pellets were prepared by applying hydraulic pressure (1200 psi) (GRASEBY SPECAC, London, UK). In order to avoid any chances of variations in the thickness, pellets for each fungal species were prepared as three independent replicates and the infrared spectra obtained were compared for uniformity.
FTIR Spectroscopy and Data Analysis
Fourier transform infrared (FTIR) spectrometry (System 2000, Perkin Elmer, Wellesly, MD, USA) was used for spectral analysis. Uniform sized pellets prepared from the samples were used for recording the infrared spectra. Pellets were scanned at 4.0 cm −1 resolution in a spectral range of 3500-500 cm −1 . Spectral data analysis baseline correction, normalization, and band area were performed by using Perkin Elmer Applications Spectrum software. A total of ten scans were performed for each pellet, which were signal-averaged to obtain a single spectrum.
Individual IR Spectra and Band Assignment
In the present study, individual FTIR spectral peaks were identified with the help of various reports and database available [6, [16] [17] [18] [19] [20] [21] [22] [23] (Table 1) .
RESULTS AND DISCUSSIONS

Fungal Species
In the current study, fungi belonging to Aspergillus species capable of producing mycotoxins were analyzed. Additionally, Mucor sp. was also considered and analyzed for comparison purposes. Isolates of A. niger are reported to be capable of producing nephrotoxic, immuno-suppressive, carcinogenic, and a teratogenic mycotoxin, namely, the ochratoxin A (OTA) in food commodities, such as cereals, coffee, cocoa, dried fruits, spices, grapes, peanuts, onions, mango, and apples. [2, 24] Also, A. niger is reported to produce the carcinogenic mycotoxin fumonisin B 2 . [1, 25] The fungi, A. flavus, is responsible for producing highly toxic, mutagenic, teratogenic, and carcinogenic aflatoxins (mainly AFB 1 and AFB 2 ) in some of the common food commodities, such as in cereals (maize, sorghum, pearl millet, rice), spices (chillies, black pepper, coriander), oilseeds (groundnut, soybean, sunflower), tree nuts (almond, pistachio, walnut), crude drugs, and milk (human and animal). Additionally, A. flavus is reported to be capable of producing Cyclopiazonic acid, which naturally occurs in peanuts, corn, cheese, and soybeans. [1] The fungi, A. parasiticus, are also potential producers of aflatoxins. They are reported to produce AFG 1 and AFG 2 as well as AFB 1 and AFB 2 . [1] Mucor species is also one of the most common spoilage molds capable of producing aflatoxins. [26] Moreover, fungal conidia can also contain a certain amount of mycotoxins too. [27, 28] To date, only a few reports are available on the use of FTIR for identifying fungi. Previously, Fischer et al. [23] developed a simple method for preparation of samples and 1822 BHAT Table 1 Band assignment of main FTIR peak of toxigenic fungi evaluated in this study. [6, [15] [16] [17] [18] [19] [20] [21] [22] [23] Peak numbers [29] had used FTIR for identifying fungi in wood. Identification of some yeast species has also been reported based on FTIR spectroscopy. [30] 
FTIR Results
In this study, FTIR spectroscopy was used to study and compare the fungal isolates capable of producing mycotoxins. The spectral differences, corresponding to the individual functional groups of the species were studied in the wavelength range of 3500-500 cm −1 . The individual band assignment (range) of main peak detected in the toxigenic molds evaluated in this study is depicted Table 1 . Overall, the spectral comparison showed the main functional group to belong to lipids, carbohydrates, nucleic acids, polysaccharides, proteins, Amide I and Amide II, sugars, phospholipids, and glycogen.
It should be noted that even a single and clearly distinguishable new peak assigned to a particular functional group can be sufficient to differentiate between different fungal species. For example, in A. niger, the only differentiating peak was that of dipiconilic acid, while isocyanides were not detected (absent). Whereas, in the case of A. flavus, CH 2 wagging bands progression was found, which was absent in all the other molds under study.
In this study, for a better understanding of the FTIR peaks (spectra), Mucor sp. has been used in all the instances to compare with the individual Aspergillus species. In Fig. 1 a distinguishing band (peak/shoulder) at 851.26 and 885.44 cm −1 was observed, which is attributed to N-type sugar and coupled furonase-phosphodiester chains. Whereas, in Mucor sp., a prominent peak at a frequency of 2956.96 cm −1 was observed, which can be assigned to CH 2 asymmetric stretch mainly composed of lipids, with a little contribution from proteins, carbohydrates, and nucleic acids. Similarly, as shown in Fig. 2 , the FTIR spectra of Mucor sp. showed a distinguishable peak (band) at a frequency of 2072.15 cm −1 (isocyanides), which was not detectable in the spectra of A. parasiticus. The CH 3 bending vibrations (lipids, proteins) at frequency 1377.21 cm −1 could differentiate Mucor sp. from A. parasiticus. Additionally, at frequency 993.67 cm −1 , there were polysaccharides, glycosidic linkages, which were present only in Mucor sp. and not in A. parasiticus. Additionally, in A. parasiticus there was a clear and an unidentified peak detected at 670.88 cm −1 . Further, clearly distinguishable peaks at 847.46 (may be N-type sugar or coupled furonasephosphodiester chain), 883.54 (polysaccharides within the cell wall), and 1039.24 cm −1 (PO 2symmetric stretching: nucleic acids and phospholipids C-O stretch: glycogen) was observed only in A. parasiticus. Figure 3 shows the overlay spectra of A. niger versus Mucor sp. Accordingly, the FTIR spectra were non-identical and could be easily distinguishable. Both the spectra had a different transmittance range. At frequency 1745.56, 1419.85, 853.16, and 670.88 cm −1 , a clear spectral peak could be identified in A. niger compared to Mucor sp. This differentiation might be very useful, as morphologically both A. niger and Mucor sp. look identical. In Fig. 4 , an overlay view spectra of A. flavus versus A. niger is shown. As shown, both the spectra are almost identical. However, a component of isocyanides at frequency 2140.50 cm −1 and CH 2 wagging bands progression at 1312.65 cm −1 was found in A. flavus, which was absent in A. niger. Whereas, in A. niger, distinguishing peaks at a frequency of 1745.56 cm −1 (representing Ester C=O stretch: lipid, triglycerides, which is also present in A. parasiticus) and at 705.06 cm −1 (dipiconilic acid group) was present, which could differentiate from A. flavus. Also, in A. niger a distinguishable peak was present at a frequency of 927.21 cm −1 (assigned to polysaccharides or glycosidic linkages). However, all the other peaks were comparable and could be assigned to the same functional group (see Table 1 ). In Fig. 5 , the FTIR spectra of A. parasiticus is compared with A. niger. According to the obtained spectra, in A. niger a distinguishable spectra was observed at a frequency of 1745.56 cm −1 (assigned to an ester C=O stretching or to a lipid-triglycerides), which was not present in A. parasiticus. Also, in A. niger, a clearly distinguishable spectra was present at a frequency of 2854.43 cm −1 (assigned to isocyanides), 1348.73 cm −1 (unknown), and 927.21 cm −1 (assigned to polysaccharides or the glycosidic linkages). Other peaks were almost the same and comparable and could be assigned to the same functional group.
In Fig. 6 , the spectra obtained for A. parasiticus and A. flavus has been compared. Even though these two fungi can be easily distinguishable based on the color or morphological characters, sometimes it will be difficult to separately identify when these are present together (fungal co-occurrence). Overall, a similar pattern of spectra (with slightly broadened peak) were observed for these two fungi. Aspergillus flavus showed an additional peak at a frequency of 1375.31 cm −1 , which is a representative of CH 3 bending vibrations: lipids, proteins. Also, there were several minor (smaller) peaks present at frequencies between 800 and 500 cm −1 in A. parasiticus spectra compared to A. flavus, which could clearly distinguish between the two (see Table 1 for the assigned functional groups). In general, all these comparative FTIR spectra could be very useful when cooccurrence of various molds of Aspegillus species occur on a single substrate. Based on the above observations, it is clearly evident that irrespective of the overall similarities between the spectra of different genera of Aspergillus, a unique spectrum does exist for each of the fungi with a certain level of differences compared to the other genus. These results can provide a suitable 'finger print' for each of the fungal strains capable of producing mycotoxins. However, the most important criteria for analyzing the functional groups by FTIR will depend entirely on the growth conditions (temperature, time, plating methods employed) and on the methods adopted for drying the microbial suspension. [19] Further studies are warranted to investigate the individual peaks or the functional groups that might be formed on production of mycotoxins by these fungi, which might give a better insight to use FTIR.
CONCLUSIONS
On the basis of the results obtained in this study, Fourier transform infrared spectroscopy can be successfully employed for developing a rapid method of detection for different fungal species, capable of producing mycotoxins. FTIR spectroscopy, being easy to handle, can serve as a valuable technique in identifying not only toxigenic molds belonging to Aspergillus species, but can also be applicable to other mycotoxin producing molds, such as Fusarium, Penicillium, and others, which warrants further investigations in the near future. This method can also be effectively used in assisting quarantine rules and can be useful along the food processing chain as an important tool of food safety.
